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Land filling provides a major, safe, and economical disposal route for biosolids and 
sludges. With an expanding world, the demand for larger and higher capacity landfills is rapidly 
increasing. Proper analysis and design on such fills have pushed the boundaries of geotechnical 
engineering practice, in terms of proper identification and assessment of strength and 
deformation characteristics of waste materials. 
The engineering properties of Municipal Solid Waste (MSW) with co-disposal of 
biosolids and sludges with regards to moisture characteristics and geotechnical stability are of 
utmost importance. Significant changes in the composition and characteristics of landfill may 
take place with the addition of sludges and biosolids. In particular, the stability of waste slopes 
needs to be investigated, which involves the evaluation of the strength properties of the mixture 
of the waste and biosolids. 
This thesis deals with impact of the addition of biosolids on the geotechnical properties of 
class I landfill as determined from field investigations. The geotechnical properties are evaluated 
using an in-situ deep exploration test, called the Cone Penetration Test (CPT). CPT provides a 
continuous log of subsurface material properties using two measuring mechanisms, namely, tip 
resistance and side friction. The areas receiving biosolids are compared with areas without, to 
evaluate the effect of landfilling of biosolids. The required geotechnical shear strength 
parameters (angle of internal friction and cohesion) of MSW and biosolids mixture are 
determined by correlation with CPT results similar to the procedure followed in evaluating soil 
properties. 
 iv
The shear strength parameters obtained from the CPT data are then used to study the 
stability of different slope configurations of the landfill. The slope stability analysis is conducted 
on the various landfill models using the computer software SLOPE/W. This software was 
designed for soils but was found to be suitable for modeling landfills, as the waste is assumed to 
act similar to a cohesionless soil. 
Based on the field investigations, the angle of internal friction was found to be about 29° 
and the determination of any cohesion was not possible. It was concluded that the most suitable 
practical solution to adding biosolids into the landfill was in the form of trenches. From the slope 
stability study, it was found that the factor of safety reduces significantly with the introduction of 
biosolids due to a reduction in shear strength and increase in the overall moisture content. From a 
parametric study, the stability of a 1:2 side slope with an angle of friction lower than about 20° 
was found to be less than the safe limit of 1.5. In addition, the factors of safety for landfills with 
trenches extending close to the edges of the slopes were also found to be unsafe and this situation 
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Landfills are used for disposal of solid waste. Originally, the materials in landfills 
reflected the generation of refuse but now they are used for disposal of reduced Municipal Solid 
Waste (MSW) after the removal of recyclables. Landfills are well engineered facilities that are 
located, designed, monitored, operated and financed to ensure compliance with federal 
regulations. Disposal of water treatment facility sludge and wastewater treatment facility 
biosolids presents significant challenges to facility operators, as this practice often violates 
loading of metals and exceeds allowable levels of pathogens for land application. So landfilling 
biosolids looks most promising as this will result in minimal contact with humans and can 
provide moisture in a bioreactor landfill. Landfilling provides a major, safe, economical disposal 
route for biosolids and sludge. In order to study the engineering properties of MSW co-disposed 
with biosolids and sludges, the physical characteristics of biosolids and sludge with regards to 
moisture characteristics and geotechnical stability are of utmost importance. 
 
1.2 Identification of the Problem 
The ability to predict the stability of the landfill is valuable. With the addition of sludge 
and biosolids significant changes in the composition and characteristics of landfill take place. 
The waste slopes are particularly important, which involve with evaluation of waste strength 
properties when co-disposed with biosolids. The geotechnical properties of the waste materials 
are not very well known and understood (Singh 1990). 
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The complexity of the problem is further increased because of the heterogeneous nature 
of waste, placement conditions and level of decay of various constituents of the landfills. With 
the expanding world, the demand for larger and higher capacity landfills is rapidly increasing. 
Proper analysis and design of landfills have pushed the boundaries of geotechnical engineering 
practice, in terms of proper identification and assessment of strength and deformation 
characteristics of waste materials (Sharma 1990; Sadek 2001). 
A key element in MSW landfill management is the ability to measure the various 
geotechnical parameters of the waste such as the density, moisture content, cohesion, and shear 
strength. Typical laboratory approaches have limitations due the heterogonous nature of the 
MSW. The scarcity of data is due to the difficulties in sampling and testing the refuse. This 
difficulty is further compounded by the fact that refuse composition and properties are likely to 
change erratically within a landfill and the waste is likely to decompose with time. An ideal 
method for estimating landfill geotechnical properties would consist of an in-situ testing device 
that would provide high accuracy with minimal efforts and costs. The device must also be 
capable of characterizing a large area in a short time period. In the field of geotechnical 
engineering, a device that meets these criteria for soil testing is the cone penetrometer. 
The unit weight, moisture content, friction angle and cohesion influence the stability of 
landfill side slopes and interfaces among landfill components. True cohesion between particles is 
unlikely in landfills. However, there may be significant cohesion that results from interlocking 




The main objective of this thesis is to evaluate the performance of slopes in landfills, 
using standard slope stability analyses. These landfills may be operated with and without sludge 
and biosolids. Slope stability analysis is conducted on landfill models using the computer 
software SLOPE/W (Geo-Slope 2001). This software was designed for soils but was found 
suitable for modeling landfills slopes as the waste is assumed to act like a sandy soil. SLOPE/W 
uses the theory of limit equilibrium of forces and moments to compute the factor of safety 
against failure. 
In Chapter 2, a thorough literature review is conducted on the topic covered by this thesis 
such as CPT and slope stability analysis techniques. This is followed by Chapter 3 which 
provides a description of the field site at the Highlands County Landfill in Sebring, Florida. 
Chapter 4 discusses the methodology of conducting the field investigation using the CPT. It also 
describes the statistical analyses used for reducing the CPT data. The results of the field 
exploration and all slope stability analyses are presented in Chapter 5. Lastly, Chapter 6 presents 
the conclusions from this research and recommendations for future work. 
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2. LITERATURE REVIEW 
 
This chapter provides a review of important literature pertaining to the history and theory 
of the cone penetrometer test. This chapter includes a description of the CPT probe, factors 
affecting measurement, and factors affecting data interpretation. A review of known cone 
penetration testing on landfills is provided. The chapter also includes a review of factors 
affecting the slope stability and the general modes of failure in landfills. 
2.1 The Cone Penetrometer Test 
2.1.1 Historical Overview 
The Cone Penetrometer Test (CPT) was first introduced in 1934 in Netherlands in the 
version that is used today. The apparatus was initially designed only to measure the penetration 
resistance of the soil to a cone (Meigh 1987). The first electrical cone (Rotterdam Cone) was 
developed and patented in 1948 in Dutch, by the municipal engineer Bakker. The signals were 
transmitted to the ground through cables inside the hollow penetrometer rods. This device 
measured the point resistance with an electrically operated cell that contained the strain gauges 
arranged to measure the axial stress. Delft Soil Mechanics Laboratory (DSML) in 1957 produced 
the first electrical cone penetrometer where the local side friction could also be measured 
separately. In 1971 De Ruiter used an electrical inclinometer which enabled deviations from 
vertical during test to be monitored (Lunne 1997). 
Almost simultaneously in Sweden and USA in 1975, probes were developed for 
measuring the pore pressure at the tip of the electrical penetrometer which significantly 
improved the use and interpretation of the data. In the same year, American Standard Testing of 
Materials (ASTM) standards were published for the friction – cone penetration tests of soil 
(ASTM D 3441–75 T). Currently, revised equipment and procedure standards are given in 
ASTM D 3441–98 and European standards International Society for Soil Mechanics and 
Foundation Engineering (ISSMFE) 1988. 
2.1.2 Definitions 
2.1.2.1 Cone Resistance 
The resistance to penetration developed by the cone is called cone resistance, the total 






q =            2.1 
2.1.2.2 Corrected Cone Resistance 
The cone resistance (qc) corrected for pore water pressure effects is called corrected cone 
resistance. 
2.1.2.3 Sleeve Friction 
The resistance to penetration developed due to side friction is called sleeve friction. The 
total frictional force acting on the friction sleeve (Fs) divided by its surface area (As) is defined as 





f =             2.2 
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2.1.2.4 Corrected Sleeve Friction 
This is the sleeve friction corrected for pore water pressure effects on the ends of the 
friction sleeve. 
2.1.2.5 Friction Ratio 
The ratio expressed as a percentage, of sleeve friction (fs) to cone resistance (qc), both measured 






R            2.3 
2.1.2.6 Normalized Cone Resistance 
The cone resistance expressed in a non-dimensional form and taking account of in-situ stress 










=           2.4 
voσ =vertical stress 
vo'σ =effective vertical stress 
2.1.2.7 Net Cone Resistance  
Net cone resistance is defined as the corrected cone resistance (qt) minus the vertical total stress 
(σvo). 





The standard penetrometer is a device consisting of a series of push rods screwed 
together with a terminal body called the penetrometer tip (Figure 2-1). There are two types of 
penetrometers, an electric penetrometer and a mechanical penetrometer. 
2.2.2 Penetrometer Tip 
The tip is comprised of an active element that senses the soil resistance (the cone, the 
friction sleeve and the porous element). The cone has an angle of 60° ( ± 5°) point angle and an 
area of 10 cm2 (ASTM-D3441-98 1998). 
2.2.3 Push Rods 
The push rods are used for advancing the penetrometer tip through the test medium. The 
standard rods are one meter long with tapered threads so that they form a rigid-jointed sting of 
rods. The rods must have a section adequate to sustain the axial forces required to advance the 
penetrometer tip without buckling. The rods must have an outside diameter not greater than the 
diameter of the base of the cone length. Each push rod must have the same constant inside 
diameter. To reduce the total friction on the push rods, a friction reducer is placed in line 




Figure 2-1 Terminology for Cone Penetrometers. 
 
 
2.2.4 Pushing Equipment 
The rigs used for pushing the penetrometer consist basically of a hydraulic jacking 
system. The thrust capacity needed for cone testing commonly varies between 10 and 20 tons 
(100 and 200 KN). Twenty ton is the maximum allowable thrust on the 35.7 mm diameter high 
tensile steel push rods. 
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The rigs are often mounted on heavy-duty trucks that are ballasted to a total deadweight 
of around 15 tons. Screw anchors are used to develop the extra reaction required for the thrust of 
20 tons. The power for the hydraulic rigs is usually supplied from the truck engine. 
2.2.5 Porous Element 
In order to measure the pore water pressure the penetrometer tip can be equipped with a 
porous filter which is either made of porous plastic, sintered stainless steel, ceramic, or other 
porous material. The position of the filter element is not standardized, but is limited to the face or 
the tip of the cone (u1), directly behind the cylindrical location extension of the base of the cone 
(u2), or behind the sleeve (u3) as shown in Figure 2-1. In the research project the porous element 
was located at u1. Pore pressure measurements obtained at the u2 location are more effective for 
compressibility and layer detection but the locations more subject to wear. Its main function is to 
allow rapid movement of extremely small volumes of water needed to activate the pressure 
sensor while preventing soil ingress or blockage. Typical pore size is 200 µm or smaller. 
Saturation of the pore pressure element is especially important. The filter element must 
be boiled under water in a vacuum chamber for approximately 3 hrs until no air bubbles are seen. 
The voids in the cone should be de-aired by flushing with a suitable fluid from a hypodermic 
needle. 
 
2.3 Data Acquisition System 
The electric penetrometers are equipped with data acquisition systems which allows the 
output to be measured during the test. As the test progress, the strain gauges and other sensors in 
the penetrometer tip send electric analog signals continuously to an amplifier. The data are 
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converted to digital form for data logging. Amplification of the data in the cone significantly 
improves the quality of the data by reducing the signal to noise ratio (Lunne 1997). The digital 
signals are then interpreted by a computer which gives the measured values with depth as a 
profile of soil properties. 
 
2.4 Precision and Bias 
The accuracy of the electric CPT method is 5% standard deviation for qc and 20 % for fs. 
The accuracy is influenced by the zero load error which should not exceed 0.5% to 1% of the full 
scale output and the calibration error (Robertson 1984). 
 
2.5 Statistical Analysis of Data 
Landfill properties are highly heterogeneous. Most of these variables cannot be precisely 
quantified and therefore it becomes very important that the maximum amount of information be 
derived from an available set of data to reach any conclusions (Campanella 1988). Statistical 
methods belong to either the traditional or geostatistical approach. Geostatistical approaches are 
useful after a careful review of the data in terms of quality and geologic evidence (Lunne 1997). 
Traditional statistics are an important component of reliability analysis used to evaluate the 
parameters. The estimates quantify a mean value and the uncertainty in the data. The normal and 
log normal probability distributions can be used for the cone tip resistance. The cone tip 
resistance is plotted with the frequency distribution (occurrence) to delineate the outliers in the 
measured tip resistance. In some cases pore pressure reading were unrealistically high leading to 
a situation of zero or negative effective vertical stress, so these outliers have to be eliminated. 
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2.6 Factors Affecting CPT Measurement 
2.6.1 Equipment Design 
The cone design factors that influence the measured parameters are: 
1. Unequal area effects, 
2. Piezometer location, size and saturation, 
3. Accuracy of measurement, 
4. Temperature effects and 
5. Calibration. 
The errors associated with equipment design are only significant for penetration in soft, 
normally consolidated, fine-grained soils. Test results in sand are not significantly influenced by 
the above factors. 
2.6.1.1 Unequal Area Effects 
If the electric cone is subjected to an all around water pressure, the tip stress will not 
record the correct water pressure and the friction sleeve will record a load. The water pressure 
will act not only on the outer surfaces but also on the horizontal surfaces in the groves. The 
friction measurement is due to unequal end areas of the friction sleeve and is often negative or 
opposite to the soil friction but can be positive (Meigh 1987). 
2.6.1.2 Accuracy of Measurement 
Electric cones provide significantly better accuracy and repeatability than the mechanical 
cones. However, there are some aspects concerning electric cone design that influence the 
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accuracy of the measurement. The two main errors related to the design of the load cells are 
calibration error and zero load error. 
2.6.1.3 Temperature Effects 
 A change in temperature causes a shift in the load cell output at zero loads. Piezocones 
have load cells that are, to a large degree temperature compensated. In addition to careful 
temperature compensation of the load cells, there are two ways that the temperature zero shifts 
may be avoided or corrected for: 
1. Zero reading should be taken at the beginning and end of test at the same temperature 
as in the ground, and 
2. Mount a temperature sensor in the cone and correct the measured results based on 
laboratory results. 
2.6.1.4 Calibration 
 All calibrations should be done using reference type load cells and a dead load weight 
tester or pressure reference transducer. The calibration should evaluate repeatability, non-
linearity and hysteresis effects to determine the best straight line fit for the data. For 
completeness, the effect of temperature on zero load output and on calibration factors should be 
determined by performing calibration over a range of temperature which might correspond to 
field conditions. 
2.6.2 Test Procedure 
 The standard test procedures for CPT are: 
1. Saturation of Piezometer Element 
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2. Rate of Penetration 
3. Inclination 
4. Friction-Bearing offset 
2.6.2.1 Rate of Penetration 
The standard rate of penetration for Cone Penetration Test with Piezocone (CPTU) is 20 
± 5 mm/sec (2 to 4 ft/min) (ASTM-D3441-98 1998). The electric cone is typically advanced in 
one meter increments at a relatively constant rate of two centimeters per second using the 
hydraulic press of specialized cone truck. This constant rate of penetration records about five 
readings per second. 
2.6.2.2 Inclination 
Piezocones have slope sensors incorporated in the design to enable measure of the non-
verticality of the sounding. Once a cone tip is deflected, it continues along a path with a 
relatively consistent radius of curvature. A sudden deflection in excess of one or two degree may 
cause damage to the cone and rods from bending, and penetration should cease. 
2.6.2.3 Friction-Bearing Offsets 
The center of the friction sleeve is approximately 10 cm behind the cone tip. To calculate 
the Friction Ratio (FR), the average friction resistance (fc) and bearing resistance (qc) are 
compared at the same depth. The friction ratio usually involves an offset of the friction resistance 
by the physical distance of 10 cm. In general, however, the standard 10-cm friction-bearing 
offset usually provides adequate friction ratio plots (Lunne 1997). 
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2.7 Factors Affecting Data Interpretation 
2.7.1 Soil Conditions  
2.7.1.1 In Situ Stresses 
The in situ horizontal effective stress, σ’h0, has a significant effect on the cone resistance. 
Applied surface loads from the surface of the landfill or the CPT truck also increases the 
effective stress. The interpretation of CPT data should, at least qualitatively, account for these 
affects. 
2.7.1.2 Stratigraphy 
One of the major applications of CPT is for stratigraphic profiling of soils. The cone 
resistance is influenced by the material ahead and behind the penetrating cone. The tip resistance, 
qc, will go through a smooth transition at layer interfaces. In soft materials, the diameter of the 
sphere of influence is two to three cone diameters and in stiff material it is up to 20 to 30 cone 
diameters. The cone resistance will reach its full value in soft thin layers better than in thin stiff 
layers (Schmertmann 1978). 
 
2.8 CPT Studies on Landfills 
CPT investigations were used on landfills for various purposes as reported in literature. 
Hinkle conducted CPT on an abandoned 38-acre (153,777 m2) sanitary landfill to obtain 
permeability values and to predict settlement. Approximately 40% of the CPT attempts 
penetrated the MSW material to the desired depth without encountering an obstruction. The data 
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showed the MSW material to be relatively consistent with a tip resistance of approximately 50 
tsf (5 MPa) and a skin friction of approximately 0.5 to 1 tsf (50-100 MPa) (Hinkle 1990). 
Oakley (1990) used the CPT to calculate the settlement of a chemically stabilized landfill. 
Siegel in 1990 utilized the CPT, along with many other geotechnical instruments, to help 
delineate stratigraphy and saturated zones within a landfill. CPTs were conducted at nine 
locations with depths ranging from 16 to 123 feet. Planned depths were 150 feet. Each test ended 
whenever the angular deflection of the probe or the penetration resistance was excessive. In 18 
attempts, only half of the runs penetrated more than 22 feet. Two cones broke off in the landfill.  
The tip resistance with depth increased about 0.8 kg/cm2/m (0.25 tsf/ft) (Siegel 1990). Duplancic 
(1990) used 10 CPTs and various other geotechnical equipment for monitoring the landfill. 
Based on this study, the calculated angle of friction was found to be 33 degrees. Belfiore and 
Manassero (1990) conducted dissipation tests during piezocone penetration and confirmed the 
waste as partially saturated. They measured the shear strength parameters cohesion (c’) as zero 
and friction angle (φ) as 37° (Francesco Belfiore 1990). The equivalent friction angle was 
determined to be 28-35º (Sanchez-Alciturri 1993). Sillan in 1995 performed CPT to analyze the 
environmental properties of MSW and stabilization of the waste. The reported values of mean tip 
resistance as 5.36 MPa to 8.23 MPa and mean friction ratio as 1.37% to 2.89%. Slopes of the 
regression lines ranged from 0.04 MPa/ft to 0.17 MPa/ft (Sillan 1995). 
Singh and Murphy (1990) compiled data from laboratory tests, back calculations and 
field tests done by other researchers on shear strength parameter of MSW. They concluded that 
due to the complex and heterogeneous structure of the refuse material and lack of test data, very 
little is known about its geotechnical properties. Kavazanjian estimated the drained strength as 0-
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500 psf cohesion and 0°-33° as internal friction angle (Kavazanjian 1995). A vane shear test was 
conducted and the shear strength ranged from 50 to 100 KPa and the angle of friction to be 40-
450 (Balmer 1989). 
 
2.9 Different Methods of Slope Stability Analysis 
There are two approaches for slope stability analysis of landfills, (1) The Limit 
Equilibrium and (2) The Elastic Methods. In the limit equilibrium method the strain 
consideration is of little consequence whereas in elastic method stress-strain relationships are of 
great importance. Elastic models are very complicated and are generally too complex for 
practical analysis and hence are not used to conduct stability analysis. 
 The reliability of the stability analysis is highly dependant on the accuracy of the strength 
properties and the defined geometry. The type of analysis or stability calculations can also 
introduce variability in the results because of the inherent assumptions made in developing the 
analysis method. 
2.9.1 Method of Slices 
 The method of slices can readily accommodate complex geometry, heterogeneous waste 
material properties and external loads. The software SLOPE/W employed in this research uses 
this method. The method of slices divides a slice of mass into “n” smaller slices. There are 
various methods under this broad category (Geo-Slope 2001): 
1. Ordinary Method of Slices (OMS), 
2. Simplified Bishop Method, 
3. Simplified Janbu Method, 
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4. Spencer’s Method, 
5. Morgenstern-Price Method , and 
6. Generalized Limit Equilibrium 
2.9.1.1 Ordinary Method of Slices (OMS)  
OMS neglects all interslice forces and fails to satisfy equilibrium for the slide mass as 
well as for individual slices. However, this is one of the simplest procedures based on the method 
of slices (Abramson 1995). 
2.9.1.2 Simplified Bishop’s Method  
This method assumes that all interslice shear forces are zero. This method only satisfies 
moment equilibrium (Das 2000). 
2.9.1.3 Simplified Janbu’s Method  
Janbu assumes zero interslice shear forces and is similar to Bishop’s method, except it 
satisfies only horizontal force equilibrium (Das 2000). 
2.9.1.4 Spencer’s Method  
Spencer rigorously satisfies static equilibrium by assuming that the resultant interslice 






2.9.1.5 Morgenstern-Price Method  
Morgenstern and Price proposed a method that is similar to Spencer’s method except that 
the inclination of the interslice resultant force is assumed to vary according to a “portion” of an 
arbitrary function. This method allows one to specify different types of interslice force function. 
 
2.9.1.6 General Limit Equilibrium  
This method can be used to satisfy either force and moment equilibrium, or if required, 
just the force equilibrium conditions. It encompasses most of the assumptions used by various 
methods and may be used to analyze circular and noncircular failure surfaces (Abramson 1995). 
 
2.10 Limit Equilibrium 
The basic assumption on the limit equilibrium approach is that Coulomb’s failure 
criterion is satisfied along the assumed failure surface, which may be a straight line, circular arc, 
logarithmic spiral, or other irregular surface. A free body is taken from the slope and starting 
from known or assumed values of the forces acting upon the free body, the shear resistance for 
equilibrium is calculated. This calculated shear resistance is then compared to the estimated or 
available shear strength of the material to give an indication of the factor of safety (Fang 1997). 
The preferred slope stability analysis method should satisfy both moment and force 
equilibrium (Shafer 2000). Generally, Janbu’s or Spencer’s method of analysis is recommended. 
This preference is the result of the satisfaction of overall moment and force equilibrium 
requirements. Janbu’s simplified method satisfies overall moment equilibrium and vertical and 
horizontal force equilibrium, but does not satisfy individual slice moment equilibrium. Spencer’s 
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method satisfies all states of equilibrium including individual slice moment equilibrium 
(Abramson 1995). 
One key difference between the various methods is the assumption regarding interslice 
normal and shear forces. The relationship between these interslice forces is represented by the 
parameter λ. For example, a λ value of 0 means there is no shear force between the slices. A λ 
value that is nonzero means there is shear between the slices. A plot of factor of safety versus λ 
has two curves. One represents the factor of safety with respect to moment equilibrium, and the 
other one represents the factor of safety with respect to force equilibrium. Bishop's Simplified 
method uses normal forces but no shear forces between the slices (λ =0) and satisfies only 
moment equilibrium. So the factor of safety by Bishop’s method is on the left vertical axis of the 
plot. Janbu's Simplified method also uses normal forces but no shear forces between the slices 
and satisfies only force equilibrium. The Janbu factor of safety is therefore also on the left 
vertical axis. The Morgenstern-Price and GLE methods use both normal and shear forces 
between the slices and satisfy both force and moment equilibrium; the resulting factor of safety 
is equal to the value at the intersection of the two factor of safety curves. The general 
formulation of SLOPE/W makes it possible to readily compute the factor of safety for a variety 
of methods (Geo-Slope 2001). 
The limit equilibrium method has the ability to model heterogeneous types of material, 
complex stratigraphic and slip surface geometry, and variable pore water pressure conditions. In 
addition, stresses that are computed using finite element stress analysis are used in the limit 
equilibrium computations for a more complete slope stability analysis. The elastic models are 
very complicated and are generally too complex for practical use in basic engineering problems. 
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2.11 Factors Affecting Slope Stability  
 According the Shafer (2000) and Qian (2000) the factors affecting slope stability include 
geometry, shear strength of materials, loading conditions, pore water pressure, settlement and 
operations. 
2.11.1 Geometry 
The exterior slopes, bottom grades, height of landfill and surcharge are the driving forces 
in slope stability analysis. Berms at the toe of slopes contribute as resisting forces. The bottom 
liner grades, final waste grades and liner side slope grades should be maintained or designed as 
flat as practical. Shafer (2000) suggested that the critical cross sections for stability analyses are 
selected by superimposing the final or intermediate waste grades over the top of liner grades. 
Sections are to be selected where both the liner and waste grades are sloping downward at the 
steepest combination of grades. 
2.11.2 Shear Strength of Material 
Shear strength of the foundation material resists the bearing failure of the landfill. The 
shear strength of the liner soils, interface between various geosynthetic materials and soil, and 
MSW affect the stability of landfills (Shafer 2000). The strength parameters of the waste 
material also play an important role in the slope stability analysis. With varying percentages of 
biosolids, the shear strength parameters of the waste (mixed with biosolids) are critical for co-
disposal due to significant quantities of moisture and decomposed organic wastes added to the 
waste. 
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2.11.3 Loading Conditions 
The unit weight of waste and any applied external loads, such stockpiling of soils on the 
waste fill are the major loading condition factors that affect the stability of landfill. Construction 
vehicles traffic (movement) may affect the stability. Vertical expansions and stockpiles on the 
fills increase normal loads on existing waste, liner and base material. 
2.11.4 Pore Water Pressure 
As the pore pressure increases, the effective stress reduces and the available shear 
strength of the material is reduced. This adversely impacts the stability of the landfill (Shafer 
2000). On the other hand a decrease in pore water pressure (negative pore water pressure or 
suction pressure) can stabilize the landfill by increasing the effective vertical stress. With co-
disposal of biosolids, surface infiltration and lechate recirculation, the waste has a higher liquid 
content which may result in increased pore pressures. This in turn may have a destabilizing effect 
if not controlled properly (Abramson 1995). 
2.11.5 Settlement 
Settlement can affect the stability in two ways. According to Shafer (2000), uniform 
settlement increases the unit weight of the MSW due to densification and thus increases the 
stability. On the other hand, localized differential settlement encourages surface water to 
infiltrate in the mass, potentially increasing pore water pressure and piezometric head in the 
waste mass. Biosolids have high compressibility and consolidation properties. If the landfills are 
occupied with pockets of biosolids, the highly compressible zone tends to create local settlement 
which has a negative effect on the stability of the landfill (Shafer 2000). 
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2.11.6 Operations 
Landfill operations have an impact on landfill stability. It is advisable to mix biosolids 
and MSW before landfilling or place biosolids in layers so that they can occupy the voids in the 
waste when compacted. The degree of saturation of the waste, the liquid injection system, air 
injection system, gas extraction system, and piezometers head in the landfill should be monitored 
regularly (Shafer 2000). 
 
2.12 General Modes of Failure in Landfill 
 Potential failure modes are summarized schematically in Figure 2-2 and a brief 
description of each situation is as follows. A brief description of each failure mode follows. 
2.10.1 Rotational Sub-Grade Failure 
A rotational failure can be initiated in a soft sub-grade that can propagate up through the 
waste mass. When significant loads are placed in areas with low sub-grade shear strength, the 
potential for bearing capacity failure can influence design consideration. If a liner system is 
present, it offers only negligible resistance and should be discounted in the analysis as shown in 
Figure 2-2. A circular arc failure surface is typically considered for a potential failure (Qian 
2002). 
2.10.2 Rotational Failure within the Waste Mass 
According to Qian (2000) for failure within the waste mass, circular arc (slip) and block 
failure surfaces are considered. Slip failure occurs within the waste mass, completely 
independent of the liner system Figure 2-2. This type of failure is prompted by steep waste 
slopes, high liquid content, and lack of placement controls. Block failure surfaces would 
generally be considered if a weak failure plane exists within the waste mass (Figure 2-3). Block 
failure analysis is used to estimate the factor of safety against sliding in situation where the shear 
strength of the landfill material is greater than that of the foundation soils. 
 
 









2.10.3 Translational Failure by Movement along the Liner System 
A lateral translational failure can occur with the solid waste sliding above, within or 
beneath the liner system at the base of the waste mass. The extension of the failure plane back 
from the toe can propagate up through waste, or continue in the liner system along the back 
slope. For this type of analysis a block failure surface is assumed. With this analysis, the active 
and passive wedges of the block failure surface propagate through the waste mass or along the 
side slopes of the critical liner system (Qian 2002). 
 
2.13 Slope Stability Analysis Software 
SLOPE/W is a graphical software product that operates under Microsoft Windows 
environment. SLOPE/W uses the method of slices for slope stability analysis. Increasing the 
number of slices from say 5 to the default of 30 has a profound effect on the factor of safety. 
Whereas increasing the number of slices over 30 has a very little effect (Geo-Slope 2001). The 
program uses limit equilibrium theory to compute the factor of safety of slopes. Some degree of 
uncertainty is always associated with the input parameters of slope stability analysis. To 
accommodate these parameters in analysis, the software has the ability to perform a Monte Carlo 
probabilistic analysis. A probabilistic analysis makes it possible to compute a factor of safety 
probability distribution, a reliability index, and the probability of failure. The variability of the 
input parameters is assumed to be a normal distribution with user defined mean values and 
standard deviations. It is concluded that SLOPE/W satisfies all slope stability analysis 
requirements and was found suitable for the present research analysis (Koodhathinkal 2003). 
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2.14 Factor of Safety from Slope Stability Data 
Laboratory testing on MSW was conducted by Koodhathinkal (2003). He found MSW 
had average value of cohesion of 4.25 psi and friction angle of 28.1º. Varying the percentage of 
biosolids from 15% to 50% by weight mixed in with MSW caused the cohesion to vary between 
4.6 to 6.3 psi and friction angle in the range of 11.2 to 12.2º respectively. Similarly with lime 
sludge, as the lime sludge percentage was varied from 15 to 50% by weight, the cohesion was 
determined to be in the range of 2.5 to 3.6 psi and friction angle in the range of 23.1 to 29.4º 
respectively. 
The landfill was modeled for various scenarios such as MSW only, MSW along with 
biosolids or sludge deposited directly and MSW and biosolids or sludge mixed in different 
percentages by weight and deposited. 
The factor of safety for landfill with MSW only was 2.67. For landfill accepting MSW 
and sludge disposed as discrete layers the factor of safety was 1.15 and with lime sludge the 
factor of safety was 1.41. The lime sludge had more inherent shear strength than biosolids. 
Landfill accepting lime sludge had higher factor of safety than the ones accepting biosolids. The 
stability of a landfill decreases strongly if the sludge is present as continuous horizontal layers. 
Modeling of landfills accepting MSW mixed with varying percentage by weight of 
biosolids and lime sludge was also conducted by Koodhathinkal (2003). With 15 and 50% by 
weight of biosolids, the factor of safety was 1.53 and 1.48 respectively and that with lime sludge 
was 2.45 and 1.87. With an increase in percentage of biosolids and lime sludge, the factor of 
safety decreased. Next, the landfill was modeled by placing the biosolids and lime sludge in 
pockets. For this case, the factor of safety for biosolids was found to be 2.28 and for lime sludge 
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was 2.36. With varying the percentage of biosolids from 15 to 50% the factor of safety varied in 
the narrow range of 2.36 to 2.37 respectively. Similarly with lime sludge, as the percentage was 
varied from 15 to 50%, the factor of safety was obtained in the range of 2.62 to 2.50. Landfill 
models with 15% mixture are determined to be more stable than 50%. Mixing the sludges with 
MSW helps in increasing the slope stability of the landfill as compared to direct landfilling, 
although it is still significantly governed by the placement of the mixture (Koodhathinkal 2003). 
The stability of the landfill slope is also improved by applying a cover layer (De Bekker 
1989). Qian (2002) suggests a minimum factor of safety of 1.5 for stability analysis. Shafer 
(2000) suggests for failure within the waste or subgrade, a minimum acceptable final condition 
factor of safety was considered to be 1.5. For interim conditions, peak interface strengths are 
typically used. Acceptable factor of safety for interim conditions typically range from 1.2 to 1.3 
(Shafer 2000). 
 
2.15 Summary of Literature Review  
From the literature review in this chapter, it can be concluded that the CPT gives 
continuous log data of the material in the field along with measurement of pore pressures. It can 
further be concluded that slope stability analysis must be carried out using a method that satisfies 
both moment and force equilibrium. SLOPE/W software not only satisfies this requirement but 
also performs probabilistic analyses. It also allows defining different layers of waste with 
different properties according to the amount of sludges co-disposed. Hence it is concluded the 
SLOPE/W will attend to all stability needs and is suitable for the research.  
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3. SITE DESCRIPTION 
The field study was conducted to investigate the best practices for application of 
biosolids and study the impact of biosolids on geotechnical properties using CPT. So field study 
was conducted at the Highlands County Landfill, located in Highlands County, Sebring, Florida. 
The site is located at 12700 Arbuckle Creek Road, in Sebring, Florida (see location map in 
Appendix A: Site Location Map). It was selected since as the Highlands County Landfill 
management was interested in testing biosolids. 
3.1 Site Description 
The site consists of 987-acres of land. It was sited in 1989-1990 by the Highland County 
Commission. The master plan shows the areas now in use consist of eight cells, encompassing a 
total of 160 acres in all. There is a quarter mile wide buffer of 1,000 pine trees, now 30 feet tall, 
which were planted in 1990. The 987-acre site includes a small construction and demolition 
landfill, opened in July 1999 and currently being expanded. There is room for an additional 26-
acre of construction and demolition landfill. The facility includes both a lined Class I landfill cell 
as well as an unlined Class III landfill cell. The Class I landfill is currently being operated as a 
bioreactor. Leachate from the Class I cell is recirculated, treated and land applied on site. 
The test site for this research was selected on top of the first lift of solid waste placed in 
Subsection A of Cell 3. Two test pads named Pilot Area (PA) and Control Area (CA) were 
constructed at this location. Each test pad was about 120 by 100 feet in plan dimensions at it base 
and 40 by 60 feet at the top (Figure 3-6). The height of each test pad was about 10 feet. The 
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waste below test pads was placed and compacted in late August 2003. The average thickness of 
compacted MSW was about 13.2 feet below the test pads. 
 
3.2 Site Preparation 
Initially the Pilot Area (PA) was constructed. Liquid biosolids from the City of Sebring 
Wastewater Treatment Plant were placed in PA. Beginning on May 3, 2004 prior to placing the 
biosolids a CAT D-5 bulldozer (6-way blade) removed the intermediate cover layer over a 60 by 
100 feet area (Figure 3-1). The objective of this process was to over excavate the 40 by 60 feet 
footprint of the top of the test pad about 10 feet. The area surrounding the 40 by 60 feet test area 
could then be backfilled with MSW. This allowed vertical and horizontal migration of the 
biosolids. MSW was spread around the 40 by 60 feet test area in 12 to 24-inch thick loose lifts 
with a CAT D-7 bulldozer and compacted with a CAT 826 G landfill compactor weighing 




Figure 3-1 CAT D-5 Bulldozer Scrapping the Intermediate Soil Cover. 
 
 
On May 04, 2004, the perimeter of the 40 by 60 ft open area, the berm was raised about 
2.5 feet (Figure 3-2). Two tanker loads of unstabilized biosolids was obtained and transported 
from the City of Sebring Wastewater Treatment Plant to the site. The liquid sludge had a solids 
content of 23 g/l or about 3%. The unit weight was about 10.25 lb/gallon. The total quantity of 
sludge placed in the 40 by 60 feet impoundment was about 92,160 pounds. The sludge volume 




Figure 3-2 The Berm Raised about 2.5 Feet Around the 40 by 60 Feet Test Area. 
 
 
The liquid sludge was impounded via gravity flow through a 6-inch diameter hose. The 
liquid sludge had no discernable odor upon being discharged into the impoundments. The 
elevation of the surface of the sludge across the impoundment was about 84.15 feet (Figure 3-3). 
The liquid sludge was allowed to remain undisturbed for 48 hours. No rainfall occurred during 
this period of the time and the sludge had no discernible odor after 48 hours. The measured 
decrease in the surface elevation of the impounded sludge due to infiltration of sludge moisture 
into the underlying and surrounding MSW over 48 hours was about 0.8 inches on an average. 
Based on the rate of evaporation for the site area for the month of May, approximately 0.45 
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inches of the measured decrease in sludge level over 48 hours could be attributed to evaporation 
losses from the surface (Appendix C for evaporation calculations). The resulting average 








Over a two-day period, MSW was stockpiled around the four sides of the impoundment. 
On May 6, 2004, a CAT D-7 bulldozer was used to push the 6 to 8 feet high piles progressively 
over the 40 by 60 feet sludge impoundment area starting from the east side and working around 
from the north, west and south sides. The initial effort to push waste into the east side of the 
impoundment was done deliberately in an attempt to displace some the sludge with MSW and to 
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cause the sludge to flow back to the west to make the sludge layer more uniform in thickness. No 
“mud wave” was detected as MSW displaced the sludge, but it was observed that the sludge 
level rose uniformly about 1.5 inches. The bulldozer operator had no problem operating the 
machine over the top of the sludge. The bearing capacity for the wide track, low ground pressure 
bulldozer (36-inch wide tracks) was excellent with no machine tilting or soft spots encountered. 
The CAT 826 G landfill compactor made four to six passes over the track rolled MSW and had 
no difficulty compacting the material (Figures 3-4 and 3-5). The three-foot thick layer of MSW 
was compacted into a layer about 1.5 feet thick, without any observed extrusion of sludge to the 
surface. No soft spots were encountered and no pumping action was observed as the compactor 
moved back and forth. 
 
 
Figure 3-4 Pushing Waste Over the Biosolids 
 
 
Additional MSW was placed, spread, and compacted on the pad between May 6, 2004 
and May 12, 2004. The top surface of the compacted MSW was raised to an approximate 
elevation of 93.5 feet in the center of the 40 by 60 feet area and all four sideslopes were 
constructed at a final grade of about 1:3. The entire surface of the test pad was covered with 24 
inches of loosely spread intermediate cover soil. The Control Area (CA) was prepared similarly 
without the addition of sludge. Both test pads were completed on June 7, 2004. CPT was 
conducted from June 7, 2004 to June 9, 2004, a total of 28 CPT’s were conducted. Figure 3-6 





Figure 3-5 Compacting the MSW Over Biosolids Layers 
 
 
The CPT boring locations were placed such that the area under research was tested to the 
maximum extents. The CPT locations were taken as close to edge of the slope as the truck could 
be placed. The CPT borings were placed about 12 to 18 feet apart in the PA and about 30 feet 
apart in the CA. 
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Figure 3-6 Field Tests Cells and Boring Location Plan 
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4. METHODOLOGY 
This chapter discusses the methodology followed in conducting the field tests to determine 
the geotechnical properties of MSW in a landfill. The geotechnical properties thus obtained were 
then used to model a typical landfill for slope stability analysis. 
4.1 Why Use CPT? 
One of the major drawbacks of laboratory tests is that representative samples cannot 
always be tested in the laboratory apparatus. Field test methods are often preferred because these 
tests measure actual properties over a large area rather than the properties of a discrete sample 
and it is difficult to duplicate field conditions in the laboratory. Since MSW is heterogeneous, 
anisotropic and particles are large, field tests are considered to be the most appropriate methods 
for measuring the geotechnical properties of MSW landfills. The options for in-situ field test 
procedures for determining the geotechnical parameters are (1) Vane Shear Test, (2) Standard 
Penetration Test (SPT), and (3) Cone Penetration Test (CPT). The shear strength data obtained 
from Vane Shear and Standard Penetration Tests are not representative of the actual conditions 
because the test sampler is small compared to the material that make up the landfill (Singh 
1990). The CPT provides a continuous or near continuous log of soil properties using two 
measuring mechanisms, tip resistance and side friction. The results are used to estimate the shear 
strength parameters of the MSW. It avoids significant disturbance of the ground associated with 
boring and sampling, particularly that which occurs with the Standard Penetration Test (SPT). 
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4.2 Running the CPT 
A general outline of the CPT test procedure is listed below: 
1. The CPT truck is spotted at the sounding location. 
2. It is then prepared to run the CPT sounding (leveling). 
3. The cone is assembled for sounding (assembly). 
4. The sounding is run until the desired depth. 
5. The cone is checked for damage and cleanliness. 
6. The sounding borehole is then sealed with bentonite slurry. 
The sounding locations were marked with stakes in the test areas. Truck preparation 
included stabilizing by leveling with a hydraulic jack system, and raising the roof hood to allow 
for full vertical motion of the hydraulic ram (Figures 4-1 and 4-2). 
 
 




Figure 4-2 Cone Tip Close Up 
 
 
The penetrometer tip (cone) was prepared for a sounding by checking the “O” rings and 
saturating the pore pressure element. To prevent the system from desaturating before the 
sounding began the system was kept in clean water. Before and after it ended, a baseline reading 
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of the cone output was recorded while the cone was freely suspended from the hydraulic ram. 
The baseline shift was used to determine the zero load error. 
The CPT utilizes electrical transducers rather than analog gauges to obtain a nearly 
continuous profile of point (tip) resistance, sleeve friction and pore pressure with depth. During 
the penetration, semiconductor strain gauge-type load transducers located within the device 
housing are monitored at the surface. Electrical signals from the point and sleeve load cells are 
transmitted to the surface through a cable housed within the cone rod string. Specialized data 
acquisition hardware and software developed by Ardaman and Associates, Inc, the subcontractor 
used for the CPT field research were used to record readings from the transducers at a frequency 
of approximately five readings per second. Electrical signals reading were then converted to 
engineering units of stress using device-specific calibration factors. 
Immediately after a sounding was completed, the truck was moved to permit access to the 
sounding borehole. The borehole was filled with bentonite clay up to ground elevation to prevent 
water and gas transport to the landfill surface. 
 
4.3 Landfill Areas Tested 
A total of twenty eight CPT soundings were performed over a three-day period from June 
7th, 2004 to June 9th, 2004 at the Highlands County Landfill site. Three areas were chosen in the 
landfill for the soundings. The first area represented the native waste material (Control Area 
CA), the second contained waste with added sludge (Pilot Area PA) and the third was the 
(Bioreactor Area BA) with leachate recirculation. Figure 3-6 showed the CPT locations at each 
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of these areas. The number of CPT soundings and the associated sounding numbers are tabulated 
below in Table 4-1. 
 
Table 4-1 Summary of CPT Testing 
Area Number of Soundings Performed Sounding Numbers 
Pilot or Test Area (PA) 19 PA01-PA19 
Control Area (CA) 5 CA01-CA05 
Bioreactor Area (BA) 4 BA01-BA04 
 
 
The CPT soundings were conducted using an electrical-type piezocone and hydraulic ram 
mounted on a ballasted truck. Both the tip and the shaft loads were recorded with depth for the 
cone soundings. Typical plots of tip resistance, sleeve resistance, pore pressure and friction ratio 
versus depth are shown Figures 4-3 to 4-6. 
 

















Figure 4-3 Typical Field Data for Tip Resistance 
 
 

















Figure 4-4 Typical Field Data for Sleeve Resistance 
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Figure 4-5 Typical Field Data for Pore Pressure 
 
 






















The desired depth of soundings in pilot area and control area was 20 feet from the 
existing grade and 30 feet in the bioreactor area. Ten soundings had to be terminated at depths 
shallower than intended due to buried obstructions encountered in the path of the cone in the test 
areas. The CPT soundings were conducted by Ardaman & Associates, Inc. The data were stored 
in a spreadsheet format for use in subsequent statistical data reduction analysis to determine the 
geotechnical properties for use in slope stability modeling. 
 
4.3 Statistical Analysis 
The data obtained from the CPT testing were analyzed to determine the mean, variance, 
standard deviation for sample statistics and slope, intercept and R2 values based on a Linear 
Regression of parameters such as tip resistance, sleeve friction, friction ratio and pore pressure 
using Microsoft Excel. A frequency distribution for tip resistance was done for each sounding. 
Figure 4-7 presents a typical frequency of occurrence to tip resistance. In order to eliminate 
unrealistic tip resistance values, the cut off frequency values were selected as 20. Unrealistic tip 
resistance values are due to encounters with heterogeneous material and possible obstructions. 
Pore pressure data were arranged in ascending order, and then the outliers were 
eliminated. Pore pressure measured in the field not only measures the pore water pressure but 
also the gas pressure in the landfill. The percentage of the gas pressure measured in the landfill is 
not clearly known and needs to be investigated. 
 
























Figure 4-7 Typical Frequency of Chart for Tip Resistance to Eliminate Outliers 
 
 
Based on the remaining data points, an attempt was made to estimate the location and 
potential effect of the biosolids layers within the MSW mass. However, this layer could not be 
identified explicitly. As the biosolids added had only about 3% solids content, it is likely that the 
wet material got very well mixed up with the MSW. 
Sounding data trends and statistical tools were used qualitatively and quantitatively to 
compare the sounding data between tests. Chapter 5 presents the results of this exercise. The 
regression has positive slope which indicates that as the depth increases the vertical effective 
pressure increases and consequently the tip resistance increases. 
 
4.4 Soil Classification 
Since we assume the MSW is behaving as soil, soil-based CPT classification charts are 
used to estimate the geotechnical parameters. The CPT soil classification charts are guides to soil 
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behavior type. The CPT data provide a repeatable index of the aggregate behavior of the in situ 
soil in the immediate area of the probe (Robertson 1990). The guides takes into account the 
importance of cone design and the effect that water pressures have on the measured cone 
resistance and sleeve friction due to unequal end areas. Chart developed by Senneset and Janbu 









=            4.1 
where 
u2 = pore pressure between the cone and friction sleeve  
u0 = equilibrium pore pressure 
σv0 = total overburden stress 
qt = cone resistance corrected for unequal end area effects. 
 
More reliable soil classification can be made using cone resistance values corrected for 
unequal end area effects (qt), sleeve friction (fs) and pore pressure (u). The corrected tip 
resistance (qt), is plotted against pore pressure parameter ratio (Bq) and friction ratio (Rf) (Lunne 
1997). 
To account for the influence of overburden stress, normalized data are used as proposed 
by Wroth in 1984. The normalized values of CPT data are: 










=            4.2 
where: 
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σ’v0 = effective vertical stress, σvo–u0,
uo= insitu pore pressure. 







=            4.3 






=            4.4 
where ∆u = u2-u0
 Soil profiles of landfill were estimated using the output interpreted soil behavior type and 
CPT data. For the present study, based on average values of the MSW parameters and from the 
soil classification charts developed by Campanella (1983), the landfill material behaves like 
“Coarse grained Sandy-Silty soil”. This classification takes into account the tip resistance, pore 
pressure, sleeve resistance and friction ratio. 
 
4.4 Shear Strength Parameters 
Since the material is classified as sand, the chart proposed by Robertson and Campanella 
(1983) may be used to estimate the friction angle for the MSW and a theoretical method 
proposed by Sennsesset and Janbu (1985) to estimate the cohesion of the landfill material. 
The chart takes into account the vertical effective stress, where the tip resistance 
increases linearly with vertical effective stress for constant friction angle. The chart was digitized 
to develop a generalized equation for friction angle using Microsoft excel. The input parameters 
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needed for the equation needed was the ratio of tip resistance and vertical effective stress. The 
vertical effective stress is calculated using the pore pressure and density of material. The ratio is 
calculated at each depth interval and the friction angle is determined at each depth interval for 
the CPT sounding. 
Since these charts were developed for sandy soils and density of sands is approximately 
100 lb/ft3, the resulting friction angle values were adjusted proportionally for variation in 
density. This is a conservative approach and the actual friction angle (φ) may be somewhat 
higher. From the generalized equation for friction angle, the average value of friction angle is 
found to be 29º more details are provided in Chapter 5. 
Theoretically derived method by Sennsesset and Janbu (1985) method was used to 
estimate the effective shear strength parameters of the material. In this method, effective stress 
shear strength is expressed in the form: 
'tan)'( φστ af +=           4.5 
where 
τf = shear stress at failure, 
σ’=effective stress, 
a=attraction, negative intercept on the plot of net cone resistance against effective overburden 
pressure, and 
φ’ = effective angle of internal friction. 
 Comparing the above equation with the general effective shear stress equation and 
equating together, we can estimate the cohesion as: 
'tan' φστ += cf           4.6 
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where, 
τf=effective shear stress at failure, 
c=cohesion, 
σ’=effective vertical stress, and  
φ’ = effective angle of internal friction. 
'tan' φac =            4.7 
 
 
Typical plot to estimate the cohesion
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Figure 4-8 Plot of Net Cone Resistance and Effective Vertical Stress to Estimate Cohesion 
 
 
 Figure 4-8 shows a typical plot of net cone resistance and effective vertical stress to 
estimate the cohesion from the CPT data. The intercept on the plot should be negative intercept 
on the effective vertical stress axis. As there is no negative intercept on the effective vertical 
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stress axis, the value of “a” could not be determined. So cohesion could not be determined using 
the CPT data. True cohesion or bonding between the particles is unlikely in landfills. However, 
there may be a significant cohesion intercept that results from interlocking and overlapping of 
the landfill constituents. Since the material is similar to Silty Sandy soils the value of traditional 
cohesion can be neglected, and this leads to a conservative approach in determining the shear 
strength. 
 
4.5 Slope Stability Analysis 
As the MSW is assumed to behave as soil and has characteristics similar to soil such as 
multi grained, partially saturated, variable soil size structured. The behavior of MSW is assumed 
to be frictional in nature and is governed by Mohr-Coulomb criteria. Slope stability analysis is 
conducted using the software SLOPE/W. Models are generated using a typical landfill profile as 
seen in Figure 4-12. Daily or intermediate cover was not taken into account in the slope stability 
analysis. The biosolids were placed in trenches. The geotechnical properties needed for modeling 
the slope stability were determined in the field using CPT testing as discussed previously. The 
landfills were modeled for the cases of circular failure and block failure, and the factor of safety 
against these modes of failure is evaluated. 
4.5.1 Slope Stability Theory Used In SLOPE/W 
 SLOPE/W uses the theory of limit equilibrium of forces and moments to compute the 
factor of safety. A factor of safety is defined as that factor by which the shear strength of the soil 
must be reduced in order to bring the mass of soil into a state of limiting equilibrium along a 
selected slip surface (Abramson 1995). 
For an effective stress analysis, the shear strength is defined as: 




φ’=effective angle of internal friction 
σn=total normal stress 
u=pore-water pressure 
The stability analysis involves passing a slip surface through the landfill mass and 
dividing the inscribed portion into vertical slices. The slip surface may be circular, composite 
(i.e., combination of circular and linear portions) or consist of any shape defined by a series of 
straight lines (i.e., fully specified slip surface). 
The limit equilibrium formulation assumes that: 
1. The factor of safety of the cohesive component of strength and the frictional component 
of strength is equal for all soils involved. 
2. The factor of safety is the same for all slices. 
4.5.2 General Limit Equilibrium Method 
 The general limit equilibrium method uses the following basis from statics in solving for 
the factor of safety (Geo-Slope 2001): 
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1. The summation of forces in a vertical direction for each slice is done and equation is 
obtained for vertical equilibrium. The equation is solved for the normal force at the base 
of the slice. 
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2. The summation of forces in a horizontal direction for each slice is used to compute the 
interslice normal force. This equation is applied in an integration manner across the 
sliding mass (i.e., from left to right). 
3. The summation of moments about a common point for all slices to solve for the moment 
equilibrium and moment equilibrium equation is obtained. The equation can be 
rearranged and solved for the moment equilibrium factor of safety. 
4. The summation of forces in a horizontal direction for all slices, giving rise to a force 
equilibrium factor of safety. 
The analysis is still indeterminate, and an additional assumption needs to be made 
regarding the direction of the resultant interslice forces. The direction is assumed to be described 
by an interslice force function. The factor of safety can now be computed based on moment 
equilibrium (Fm) and force equilibrium (Ff). These factors of safety may vary depending on the 
percentage (λ) of the force function used in the computation. The factor of safety satisfying both 
moment and force equilibrium is considered to be the converged factor of safety of the general 
limit equilibrium. 
 A factor of safety is really an index indicating the relative stability of a slope. It does not 
imply the actual risk level of the slope due the variability of input parameters. With probabilistic 
analysis, two useful indices are available to quantify the stability or the risk level of a slope. 
These two indices are known as the probability of failure and the reliability index. 
 The probability of failure is the probability of obtaining a factor of safety less than 1.0. It 
is computed by integrating the area under the probability density function for factor of safety less 
than 1.0. 
 The reliability index describes the stability of a slope by the number of standard 
deviations separating the mean factor of safety from its defined failure value of 1.0. It can also be 
considered as a way of normalizing the factor of safety with respect to its uncertainty. The 
reliability index (β) is defined in terms of the mean (µ) and the standard deviation (σ) of the trial 
factors of safety. The reliability index is included in each of the slope stability results in Chapter 
5 and may be expressed as: 
σ
µβ )0.1( −=            4.9 
 
4.6 Defining the Problem 
 The software SLOPE/W is used for 2-D modeling of slope stability. Daily or intermediate 
soils cover effects are not taken into account in the modeling. Within the program the problem 
outline is set for scale, page size, units and grid. Next, the material properties are defined. The 
analysis type is then selected and it is determined that failure will follow a right to left path. The 
profile of the landfill is drawn, based on a typical Florida landfill cross-section. The profile 





Figure 4-9 Typical Landfill Profile with Side Slope 1:3 
 
 
 The properties of the landfill waste and the sludge were determined in the field using in-
situ CPT investigations. All the layers were modeled using a Mohr-Coulomb soil model. In the 
probabilistic analysis, all the landfill material models were evaluated. 
 According to the Mohr-Coulomb theory, a material fails because of a critical combination 
of normal stress and shearing stress. The failure envelope may be defined by equation 4.10 
φστ tan+= cf           4.10 
where, 
τf =shear stress on a failure plane, 
c=cohesion, 
σ=normal stress on a failure plane, and 
φ=internal friction angle. 
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 The input parameters required for the Mohr-Coulomb are unit weight, angle of internal 
friction and cohesion with standard deviations values for each parameter. Table 4-2 shows the 
properties of each material used as input along with the standard deviation. Bedrock is assumed 
to exist below the base soil for all landfill models. MSW+BS1, MSW+BS2 and MSW+BS3 are 
different layers which indicate the gradual migration of moisture into the MSW. This is reflected 
in the gradation of shear strength parameters with addition of biosolids to the MSW. The shear 
strength parameters were extrapolated from the field data obtained using the CPT. 
 
 







Friction Angle (phi) 
(degrees) Reference 
Clay Liner 105 (SD=5) 720 (SD=72) 8 (SD=0.5) (Tchobanoglous 2002) 
MSW 70 (SD=5) 0 29 (SD=5) Field Testing 
BS 35 (SD=5) 0 0 (Koodhathinkal 2003) 
MSW + BS1 70 (SD=5) 0 7 (SD=5) Extrapolated Results 
MSW + BS2 70 (SD=5) 0 15 (SD=5) Extrapolated Results 
MSW + BS3 70 (SD=5) 0 22 (SD=5) Extrapolated Results 




After all waste layer types were defined; the program requires the selection of the failure 
type for each landfill model. Two types of failure models were considered for each landfill 
model, namely the circular failure model and the block failure model. 
 For landfills modeled using the circular failure model, the radius of failure plane and the 
center of the circular failure plane are required to be defined. The software allows defining the 
radius of failure as a grid of increasing radii and the center of the circular failure plane as a grid. 
The radius of the failure plane was specified such that it covers a large range of radii, while the 
grid for the center of the circular failure plane was chosen so that the minimum factor of safety 
lies within the grid. Figure 4-10 shows a typical selection of radii and grid for landfill. 
 
 
Figure 4-10 Landfill With Array of Radii and Grid for Center of Failure Plane 
 
 
Once the landfill model is developed and the grid and radii for the failure plane are 
specified, slope stability analysis is carried out. A typical result from the program is shown in 
Figure 4-11 indicating the failure plane and the minimum factor of safety for the chosen grid. 
Similar results for all other landfill model values presented in Chapter 5. 
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Figure 4-11 Typical Slope Stability Analyses for Landfill With MSW Only 
 
 
For landfills modeled using the block failure approach, the grid for the left and the right 
block of the slip surface and the center of the block failure plane needs to be defined. The 
software allows specifying the left and right blocks as a grid and the center of the block failure 
plane was chosen. The location of the center of the block failure does not have a great influence 
on the factor of safety and hence it was safe to choose any point above the landfill profile. The 
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grid for the left and right block was selected such that it covered most of the landfill. Figure 4-12 
shows a typical selection of left and right grid for block failure, the center of the slip and the 
result of the slope stability analysis for landfill models with MSW only. The corresponding 




Figure 4-12 Typical Results for Landfill With MSW Only With Block Failure Analysis 
 
 
Lastly, a landfill model was generated incorporating the placement of biosolids in 
trenches as shown in Figure 4-13. The width of the trench was about 2-2.5 feet and spacing 
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between the trenches was about fifteen feet. The depth of the trenches was about six feet. 
Biosolids were added in the trenches. The trenches were then filled with regular MSW and 
compacted with regular effort. The compaction effort needed to compact the waste layer was less 
based on discussions with the landfill operators. This was done to understand the influence of 
addition of biosolids to the landfill with emphasis on their placement. Slope stability analysis 
was then conducted on landfill models with side slope varying from 1:2 to 1:4. Although side 
slope 1:2 is not permitted in Florida state regulation, here it is studied as extreme condition. 
 
4.7 Summary 
This chapter described the methodology for the field test, statistical analysis of the field 
data and the interpretation of the reduced field data. The disposable of biosolids in trenches in 
landfill was discussed. This chapter also discussed the methodology followed for slope stability 
analysis using the computer software SLOPE/W. 
 
Figure 4-13 Typical Landfill Profile with Biosolids Placed In Trenches 
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5. RESULTS OF TESTING AND MODELING 
 
The results are reported in two sections. The first section presents the results from the 
field explorations and the second from the subsequent slope stability analysis conducted using 
landfill models to determine the effects of various material and geometric parameters on the 
stability of the landfill. Lastly, a sensitivity analysis is conducted for the effects of the critical 
parameters. 
5.1 Results from Field Explorations 
Field tests conducted consisted of Cone Penetration Test on areas receiving biosolids, 
areas without biosolids and in the landfill bioreactor area with leachate recirculation. The raw 
CPT data are presented in Appendix B: Cone Logs. The average values of the tip resistance, 
sleeve resistance, friction ratio and pore pressure for the three areas tested are presented in 
Tables 5-1 to 5-3. 
CPT data were used to estimate the material properties in the areas tested. The regression 
curve of tip resistance and depth had a positive slope which indicates as the depth increases the 
vertical effective pressure increases and consequently the tip resistance increases. 
Table 5-1 summarizes the averages for the four parameters measured in the pilot area. 
The average tip resistances are in the range of 60 to 100 tsf, average sleeve resistance in the 
range of 0.7 to 2.4 tsf, which is similar to the range of tip resistance and sleeve resistance from 






Table 5-1 Average Tip Resistance, Sleeve Resistance, Friction Ratio and Pore Pressure for Pilot 
Area for Statistical Analysis. 
Sounding  Tip Resistance (tsf) Sleeve Resistance Friction Ratio Pore Pressure 









PA-01 70.30 40.82 0.77 0.64 1.43 0.64 0.09 0.08 
PA-02 84.70 57.81 0.84 0.78 1.40 0.78 0.30 0.10 
PA-03 62.21 36.03 1.34 1.19 2.74 1.19 0.11 0.06 
PA-04 85.30 44.57 1.91 1.25 2.84 1.25 0.20 0.12 
PA-05 86.12 55.86 2.34 1.36 3.45 1.36 0.17 0.12 
PA-06 67.07 50.30 1.90 1.21 3.54 1.21 0.12 0.09 
PA-07 77.64 47.56 1.35 1.09 2.70 1.09 0.08 0.06 
PA-08 62.39 38.66 1.71 1.27 3.86 1.27 0.11 0.12 
PA-09 88.35 81.23 1.64 0.86 2.68 0.86 0.05 0.08 
PA-10 67.10 45.16 1.37 0.94 2.53 0.94 0.11 0.16 
PA-11 67.10 45.16 1.37 0.94 2.53 0.94 0.11 0.16 
PA-12 80.76 45.82 1.18 0.87 2.10 0.87 0.13 0.16 
PA-13 86.26 56.67 2.29 1.77 3.02 1.77 0.03 0.08 
PA-14 109.22 118.02 1.02 0.68 1.75 0.68 0.04 0.15 
PA-15 63.04 42.48 0.78 0.67 1.68 0.67 0.14 0.11 
PA-16 84.73 69.63 1.95 1.41 3.35 1.41 0.07 0.08 
PA-17 89.79 63.55 1.79 1.35 2.79 1.35 0.29 0.24 
PA-18 66.41 37.56 1.64 0.93 3.28 0.93 0.20 0.21 
PA-19 77.72 58.06 1.70 1.17 2.74 1.17 0.14 0.12 
 
 
Similarly Table 5-2 summarizes the average tip resistance, sleeve resistance, friction ratio 
and pore pressure measured in the control area. The average tip resistances are in the range of 60 
to 90 tsf and average sleeve resistance in the range of 1.2 to 1.9 tsf. The boring CA-01 had to be 
terminated earlier than the desired depth of 20 feet due to refusal hit, so the averages are not 








Table 5-2 Average Tip Resistance, Sleeve Resistance, Friction Ratio and Pore Pressure for 
Control Area before Statistical Analysis. 
Tip Resistance (tsf) Sleeve Resistance (tsf) Friction Ratio Pore Pressure (tsf) Sounding 







CA -01 NA NA NA NA NA NA NA NA 
CA-02 70.66 64.51 1.52 0.98 3.11 2.03 0.09 0.13 
CA-03 58.54 31.73 1.74 0.90 3.85 3.23 0.09 0.10 
CA-04 85.30 44.57 1.91 1.25 2.84 2.20 0.20 0.12 
CA-05 67.66 56.23 1.25 0.89 2.78 2.41 0.10 0.12 
         
Note NA: The boring had to be terminated due to refusal. 
 
 
 Table 5-3 summarizes the averages for tip resistance, sleeve resistance, friction ratio and 
pore pressure in the bioreactor area. The boring depth in the BA was 30 feet deep as compared to 
the 20 feet from the PA and CA. The average tip resistances measured are in the range of 60 to 
95 tsf and average sleeve resistance measured in the range of 1.6 to 2.0 tsf. 
 
 
Table 5-3 Average Cone Tip Resistance, Sleeve Resistance, Friction Ratio and Pore Pressure For 
Bioreactor Area before Statistical Analysis. 
Tip Resistance (tsf) Sleeve Resistance (tsf) Friction Ratio Pore Pressure (tsf) Sounding 







BA-01 94.36 47.25 1.65 0.98 2.05 1.45 0.12 0.11 
BA-02 69.74 40.73 1.67 0.95 3.22 3.04 0.11 0.07 
BA-03 66.57 39.71 1.28 0.65 2.50 1.76 0.16 0.09 
BA-04 94.10 63.02 2.01 1.09 3.02 3.03 0.16 0.17 
 
 
Table 5-4 Average Tip Resistance, Sleeve Resistance, Friction Ratio and Pore Pressure in the 
PA, CA and BA 
Area 
Tip Resistance (tsf) Sleeve Resistance (tsf) Friction Ratio 
Pore Pressure 
(tsf) 
PA 77.70 1.52 2.65 0.13 
CA 70.54 1.61 3.15 0.12 
BA 81.19 1.65 2.70 0.14 
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In table 5-4 the averages for tip resistance, sleeve resistance, friction ratio and pore 
pressure for all the areas studied are summarized. The averages in each areas for all the 
parameters measured are almost in the same range. The region of solid waste was identified as a 
very heterogeneous medium which is consistent with previous field exploration studies (Shank 
1993). Thus, the region of solid waste is characterized by a highly variable set of test results. 
The CPT results indicated that the cone frequently encountered stiff objects, which 
produced sharp peaks in the tip resistance measurements. This resulted in highly variable 
readings. However, a trend of increasing lower bound tip resistance with depth, was apparent in 
most the tests. It is important, therefore, to reduce these data by eliminating unrealistic outliers 
based on cone tip resistance and pore pressure values. This procedure improves the confidence 
level in the actual results used for further modeling studies. Because of the relatively erratic 
readings from the CPT probes, daily or interim cover soil could not be distinguished from the 
refuse. 
After the statistical analysis on the CPT data an attempt was made to estimate the 
location and effects of the biosolids layer within the MSW mass. However, this layer could not 
be identified explicitly in the landfill with CPT data. As the biosolids added had only about 3% 
solids content, it is likely that the biosolids got very well mixed up with the MSW. 
Based on average values of the MSW parameters and from the soil classification charts 
developed by Robertson and Campanella (1983), the landfill material is similar to “Coarse 
grained Sandy-Silty soil”. 
By using the method proposed by Lunne (1997) and friction angle chart developed by 
Robertson and Campanella (1983), it is possible to derive the profile of friction angle as a 
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function of depth from the piezocone penetration data for the landfill. The average values of the 
friction angle for the areas tested in landfill are shown in Table 5-5. The average value of friction 
angle is 29º. This value of friction angle (φ) is used for subsequent slope stability analyses. 
The negative intercept on the effective vertical stress axis could not be determined in the 
field, so the value of “a” could not be estimated from the CPT profiles. Thus, cohesion could not 
be determined for the landfill material from the CPT data. 
 
 
Table 5-5 Average Estimated Friction Angle for the Different Areas in Lanfill Tested 
Area Tested Friction Angle 
Bioreactor Area (BA) 28.7º 
Control Area (CA) 29.2º 
Pilot Area (PA) 29.0º 
 
 
5.2 Results from Slope Stability Analysis 
 Slope stability analysis was conducted using commercially available software SLOPE/W 
on model landfills with and without biosolids. Biosolids were placed in trenches as this was 
determined to be the most suitable practice from field study at the Highland County Landfill. 
Different values of side slope such as 1:2, 1:3 and 1:4 were modeled. The landfill was modeled 
with shear strength parameter obtained from the field test as discussed before. Two potential 
failure mechanisms, circular and block failure were considered. 
5.2.1 Slope Stability Analysis on Landfills Considering Circular Failure. 
  The landfill profiles described in Figures 4-9 and 4-13 were analyzed using SLOPE/W. 
Two options were considered in modeling. 
1. Landfill with MSW only. 
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2. Landfill with MSW and biosolids which were placed in trenches. 
5.2.1.1 Landfill with MSW only 
 Landfill side slopes are considered to be stable when a factor of safety greater than 1.5, is 
determined the minimum required factor of safety for a stable landfill (Shafer 2000). The profile 
of a landfill model with MSW only was shown in Figure 4-9. The results of the slope stability 
analysis are shown in Figures 5-1 to 5-3 for side slope 1:2, 1:3 and 1:4 respectively. Table 5-6 
summarizes the factor of safety for each value of side slope along with the related reliability 
index (see equation 4.9 for more details about reliability index). 
 
 
Table 5-6 Factor Safety for Landfill with MSW Only with Different Side Slopes. 
Side Slope Factor of Safety Reliability Index 
1:2 1.941 16.36 
1:3 2.512 19.39 
1:4 2.962 21.89 
 
 
Flattening the slope not only reduces the sum of the driving forces, but also tends to force 
the failure surface deeper into the ground. The change in length of the failure surface increases in 
the resisting forces because the shear strength is distributed over a wider area, thereby enhancing 
stability. This is due to the fact that the shearing resistance is proportional to the length of the 
failure surface. The reduction in slope increases the length of the failure surface to create more 
sliding resistance. From the model, it is seen that as the slope is increased the factor of safety 
decreases. 
 
Figure 5-1 Landfill with MSW Only Side Slope 1:2 
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Figure 5-2 Landfill with MSW Only Side Slope 1:3 
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Figure 5-3 Landfill with MSW Only Side Slope 1:4 
 
 
5.2.1.2 Landfill with MSW and biosolids 
 Slope stability analyses were also conducted for landfill models with both MSW and 
biosolids. The biosolids were placed in the landfill in trenches. Figure 4-13 showed a typical 
cross section of a landfill with biosolids disposed of in trenches. The analysis results are shown 
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Table 5-7 Factor of Safety for Landfill with MSW and Biosolids with Different Side Slopes. 
Side Slope Factor of Safety Reliability Index 
1:2 1.721 19.03 
1:3 2.178 17.41 
1:4 2.312 3.42 
 
 
When compared with the values in Table 5-6 the factor of safety produced suggests that 
the stability of the landfill slope has been reduced with the addition of biosolids. 
Slope stability analysis was also carried out when the trenches were allowed to extend all 
the way to the edge of the side slope. The results of the slope stability runs are shown in Figures 
5-6 to 5-9. Table 5-8 provides a summary of the factor of safety and clearly indicates a reduction 
in the stability if the biosolids trenches are close to the edges. This scenario allows a weak plane 
to develop close to the side slope and encourages the failure plane to pass through this weak 
layer. This situation is considered unstable and needs to be avoided. 
 
 
Table 5-8 Factor of Safety for Landfill with MSW and Biosolids with Trenches Close to Side 
Slope. 
Side Slope Factor of Safety Reliability Index 
1:2 1.264 7.05 
1:3 1.284 6.44 




The results indicate that the factor of safety decreases and the slope are unstable. These results 
are similar to the previous work by Koodhathinkal (2003) who found that the factor of safety for 
continuous layer of biosolids (15%) in MSW was about 1.15 for 1:3 slope and 1.41 for 1:4 
slopes. The lower values may be attributed to a lower friction angle for biosolids that are placed 
as discrete layers and may not be completely mixed in with the MSW. 
 




Figure 5-5 Landfill with MSW and Biosolids in Trenches Side Slope 1:3 
 
Figure 5-6 Landfill with MSW and Biosolids in Trenches Side Slope 1:4 
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Figure 5-7 Landfill with MSW and Biosolids in Trenches with Trenches Close to Edge of Sides 




Figure 5-8 Landfill with MSW and Biosolids in Trenches with Trenches Close to Edge of Sides 
Side Slope 1:3 
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Figure 5-9 Landfill with MSW and Biosolids in Trenches with Trenches Close to Edge of Sides 
Side Slope 1:4 
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5.2.2 Slope Stability Analysis on Landfills Considering Block Failure 
 Slope stability analyses were conducted on landfill models considering block failure 
mode. Once again, two types of models were considered in modeling, landfills with MSW only, 
and landfills with MSW and biosolids placed in trenches. 
5.2.2.1 Landfill with MSW only 
 Slope stability analysis results on landfill models with MSW only are shown in Figures 5-
10 to 5-12 for the three side slopes. Table 5-9 shows the factor of safety for various slopes 
analyzed along with corresponding reliability indices. 
 
 
Table 5-9 Factor of Safety for Landfill with MSW Only with Different Side Slopes. 
Side Slope Factor of Safety Reliability Index 
1:2 5.175 27.12 
1:3 5.478 26.95 
1:4 5.524 26.70 
 
 
Block failure analysis is used to estimate the factor of safety against sliding in conditions 
where the shearing strength of the MSW is greater than that of the foundation soils. In all cases, 
it is evident that analysis using block failure as the basis yields significantly higher factor of 
safety in comparison to slip surface failure. The factor of safety for all slopes can be considered 
very stable for this mode of failure. 
 
 
Figure 5-10 Landfill with MSW Only Side Slope 1:2 
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Figure 5-11 Landfill with MSW Only Block Failure Side Slope 1:3 
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Figure 5-12 Landfill with MSW Only Side Slope 1:4 
 
 
5.2.2.2 Landfill with MSW and Biosolids 
 Slope stability analyses were also conducted on landfill models with MSW and biosolids 
which were disposed in trenches. In Figure 4-13 a typical cross section of landfill with biosolids 
in trenches was presented. The analysis results are shown in Figures 5-13 to 5-15 as the graphical 
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output of the modeling analysis. Table 5-10 summarizes the results and indicates, once again, 
that there is a considerable reduction in the factor of safety (compared with values in Table 5-9) 
due to the addition of biosolids. 
 
 
Table 5-10 Factor of Safety for Landfill with MSW and Biosolids with Different Side Slopes 
Side Slope Factor of Safety Reliability Index 
1:2 3.379 28.184 
1:3 4.439 26.749 
1:4 4.129 29.355 
 
 
Similarly, modeling studies were conducted when the trenches were extended close to the 
sides of the landfill. The results are plotted in Figures 5-13 to 5-15 and summarized in Table 5-
11. Similar to the case of slip surfaces, the factor of safety is much lower when trenches 
approach the side slopes and this situation needs to be avoided. 
 
 
Table 5-11 Factor of Safety for Landfill with Biosolids with Trenches Close to the Edge of 
Slope. 
Side Slope Factor of Safety Reliability Index 
1:2 2.617 23.401 
1:3 3.167 24.922 




Figure 5-13 Landfill with Biosolids in Trenches Side Slope 1:2 
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Figure 5-14 Landfill with Biosolids in Trenches Side Slope 1:3 
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Figure 5-15 Landfill with Biosolids in Trenches Side Slope 1:4 
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5.3 Comparison of Field and Lab data 
 In a previous laboratory tests were conducted on MSW and with varying percentages of 
biosolids and lime sludge added to the MSW. The shear strength parameter obtained for only the 
MSW are cohesion of 4.25 psi and friction angle of 28.1º. With the addition of biosolids and 
lime sludge, the shear strength parameters changed significantly for the material. Biosolids were 
added by weight to percentages in the range of 15 to 50%. The cohesion obtained was in the 
range of 4.68 to 6.33 psi and friction angle in the range of 11.21 to 12.29º respectively. Similarly 
with lime sludge addition in the weight ratio of 15 to 50% the cohesion determined was in the 
range of 2.52 to 3.56 psi and friction angle in the range of 23.15 to 29.40º respectively 
(Koodhathinkal 2003).  
From the field test conducted on the landfill the estimated friction angle for the mixture 
of MSW and biosolids was found to be 29º. Cohesion could not be determined from the field 
studies. 
 Modeling analysis was conducted using the laboratory data for shear strength parameters. 
The factor of safety for landfill with only MSW was 2.67 for slope 1:3 and from the field data 
the factor of safety is 2.512 for the same slope. Thus, the factor of safety for both the models is 
almost equal. Landfill modeled with biosolids varying in weight percentage and the factor of 
safety was in the range of 1.48 to 1.53, when biosolids disposed as discrete layers in the landfill. 
Similarly when the biosolids were disposed as pockets the factor was determined to be 2.36 
(Koodhathinkal 2003). By comparison, from the field data the landfill models with biosolids 
disposed in trenches produced factor of safety of 2.178 which is quite similar as well. 
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5.4 Sensitivity Analysis 
 A sensitivity analysis was carried out for the parameters used in slope stability modeling 
landfill. This analysis was conducted to study the sensitivity of the model to change in its input 
parameters the friction angle and density. 
5.4.1 Effects of Friction Angle 
Tables 5-12 and 5-13 show the results of the sensitivity analysis for friction angle. An 
increase in friction angle provides more strength to the material which in turn translates to a 
higher factor of safety against slope failure. Figures 5-19 and 5-24 show a linear relationship 
between friction angle and factor of safety. 
 
 
Table 5-12 Variation of Factor of Safety with Friction Angle for Different Side Slope for Slip 
Surface Failure 
Side Slope/Phi 10 15 22 29 35 40 
1:2 0.654 0.962 1.383 1.941 2.282 2.700 
1:3 0.891 1.289 1.868 2.512 3.095 3.576 
1:4 1.002 1.490 2.206 2.962 3.651 4.284 
 
 
Table 5-13 Variation of Factor of Safety with Friction Angle for Different Side Slope for Block 
Failure 
Side Slope/Phi 10 15 22 29 35 40 
1:2 1.705 2.543 3.788 5.175 6.497 7.767 
1:3 1.808 2.695 4.011 5.478 6.876 8.22 
1:4 1.800 2.700 4.036 5.524 6.943 8.305 
 
 
Sensitivity Analysis with varying Friction Angle 
(Side Slope 1:2, Slip Surface)

























Sensitivity Analysis with varying Friction Angle 
(Side Slope 1:3, Slip Surface)
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Senstivity Analysis with varying Friction Angle 
(Side Slope 1:4, Slip Surface)
























Sensitivity Analysis with varying Friction Angle 
(Side Slope 1:2, Block Failure)




















Figure 5-22 Sensitivity Analysis Result for Landfill with MSW Only (Side Slope 1:2, Block 
Failure) 
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Sensitivity Analysis with varying Friction Angle 
(Side Slope 1:3, Block Failure)
























Sensitvity Analysis with varying Friction Angle 
(Side Slope 1:4, Block Failure)

























 The shear strength increases with increase in friction angle (Figures 5-25 and 5-30). 
Tables 5-14 and 5-15 summarize the results for the parametric study of landfills with biosolids 
with varying friction angle. The results are similar to landfill accepting MSW only. 
 
 
Table 5-14 Variation of Factor of Safety oith Friction Angle for Different Side Slope for Slip 
Surface Failure Landfill with Biosolids 
Side Slope/Phi 10 15 22 29 35 40 
1:2 0.584 0.864 1.15 1.721 2.152 2.566 
1:3 0.827 1.179 1.505 2.156 2.647 3.118 
1:4 0.749 1.162 1.543 2.312 2.854 3.441 
 
 
Table 5-15 Variation of Factor of Safety with Friction Angle for Different Side Slope for Block 
Failure Landfill with Biosolids 
Side Slope/Phi 10 15 22 29 35 40 
1:2 0.808 1.686 2.502 3.379 4.801 6.289 
1:3 1.418 2.000 2.824 4.439 6.023 7.527 
1:4 1.485 1.974 3.186 4.129 6.108 7.675 
 
 
Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:2, 
Slip Failure)

























Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:3, 
Slip Failure)























Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:4, 
Slip Failure)























Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:2, 
Block Failure)




















Figure 5-28 Sensitivity Analysis Result Landfill with MSW and Biosolids (Side Slope 1:2, Block 
Failure) 
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Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:3, 
Block Failure)



























Sensitivity Analysis with varying friction angle 
landfill with MSW and biosolids (Side Slope 1:4, 
Block Failure)
























5.4.2 Effects of Density of MSW  
 The factor of safety remains constant with density changes (Figures 5-31 to 5-42) which 
indicates that in the range studied, i.e. 60-80 lb/ft3, the density of MSW does not have a 
significant impact on the factor of safety. Tables 5-16 to 5-17 present results of the variation of 
density for side slope 1:2 to 1:4 with slip surface failure and block failure conditions. 
 
 
Table 5-16 Variation of Factor of Safety with Density for Different Side Slope Slip Surface 
Failure Landfill with MSW Only 
Side Slope/Density 60 70 80 
1:2 1.963 1.941 1.923 
1:3 2.542 2.512 2.488 
1:4 2.989 2.962 2.941 
 
 
Table 5-17 Variation of Factor of Safety with Density for Different Side Slope Block Failure 
Landfill with MSW Only 
Side Slope/Density 60 70 80 
1:2 5.197 5.175 5.158 
1:3 5.495 5.478 5.466 
1:4 5.533 5.524 5.518 
 
 
Sensitivity Analysis with varying density Landfill 
with MSW only (Side Slope 1:2, Slip Surface)























Sensitivity Analysis with varying Density Landfill 
with MSW only (Side Slope 1:3, Slip Surface)
























Sensitivity Analysis with varying density Landfill 
with MSW only (Side Slope 1:4, Slip Surface)

























Sensitivity Analysis with varying density Landfill 
with MSW only (Side Slope 1:2, Block Failure)
























Sensitivity Analysis with varying density Landfill 
with MSW only (Side Slope 1:3, Block Failure)
























Sensitivity Analysis with varying density Landfill 
with MSW only (Side Slope 1:4, Block Failure)

























Table 5-18 Variation of Factor of Safety with Density for Different Side Slope Landfill with 
MSW and Biosolids 
Side Slope/Density 60 70 80 
1:2 1.727 1.721 1.716 
1:3 2.191 2.156 2.128 
1:4 2.340 2.312 2.290 
 
 
Table 5-19 Variation of Factor of Safety with Density for Different Side Slope Landfill 
Accepting Biosolids Block Failure 
Side Slope/Density 60 70 80 
1:2 2.793 2.775 2.762 
1:3 2.443 2.443 2.441 
1:4 2.503 2.489 2.479 
 
 
Sensitivity Analysis with varying density Landfill 
with MSW and Biosolids (Side Slope 1:2, Slip 
Surface)






















Sensitivity Analysis with varying density Landfill 
with MSW and Biosolids (Side Slope 1:3, Slip 
Surface)
























Sensitivity Analysis with varying density Landfill 
with MSW and Biosolids (Side Slope 1:4, Slip 
Surface)
























Sensitivity Analysis with varying density Landfill 
with MSW and Biosolids (Side Slope 1:2, Block 
Surface)
























Sensitivity Analysis with varying density Landfill 
with MSW and biosolids (Side Slope 1:3, Block 
Failure)
























Sensitivity Analysis with varying density Landfill 
with MSW and Biosolids (Side Slope 1:4, Block 
Surface)

























This chapter discussed the results of the field tests. The internal friction angle determined 
to be 29º. Cohesion could not be estimated in the field. The biosolids layer and daily or 
intermediate soil cover could not be identified in the field. It then described the slope stability 
analysis on various landfill configurations and with addition of biosolids in trenches. The slope 
stability analyses results using slip and block failure models were discussed. As the slope 
decrease the factor of safety increases. The trenches should not in be carried close to the edge of 
the slope. The factor of safety increases with increases in internal friction angle and remains 
constant over the range of density studied. 
The next chapter discusses the conclusions arrived after conducting field tests and slope 
stability analyses. It also gives recommendations for further research. 
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6. CONCLUSION AND RECOMMENDATIONS 
 
6.1 Conclusions 
The following conclusion can be drawn from the extensive field testing on the Highlands 
County Landfill and slope stability analysis conducted during the course of this research. 
1. Laboratory testing needs to be supplemented with full-scale field tests. CPT is the one the 
best choices for in-situ testing to estimate the shear strength. 
2. Based on the analysis of CPT data, it is found that the tip resistance increases with 
increase in depth. This indicates a net increase in effective stress with depth. 
3. The average value of the friction angle for the landfill material from the CPT data is 
found to be 29º. Based on the present CPT data, cohesion could not be determined in the 
field. This is due to extreme scatter in the data from material non-homogeneity. 
4. With an increase in friction angle the shear strength of material increases and 
consequently the factor of safety for landfill increases. 
5. The factor of safety remains constant with density changes over the range studied in the 
parametric study, i.e. 60-80 lb/ft3. Thus the density of MSW does not have a significant 
impact on the factor of safety. 
6. A reduction in side slope increases the length of the failure surface to create more sliding 
resistance. Therefore, as the slope increases the factor of safety decreases. 
7. Disposing of biosolids in trenches is a feasible solution from both slope stability point of 
consideration and ease of field application practice. Trenches should not be close to the 
edge side of the landfill as the factor of safety reduces significantly. 
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8. Berms at the toe of slopes contribute to resisting forces and as a result there is an increase 
in the factor of safety when considering local failures. 
9. The added biosolids layer could not be clearly distinguished in the landfill as the solids 
content of the biosolids was about 3% and the wet material was mixed well with MSW. 
10. Due to relatively erratic readings from the CPT probes, daily or interim cover soil could 
not be distinguished from the refuse. 
 
6.2 Recommendations for Further Study 
Following are the recommendations for the further study: 
1. An extensive CPT program should be conducted for different landfills to obtain more 
data and compare. 
2. CPT should be carried out again at the same locations to see the changes in properties 
with time. 
3. More study is needed on the measurement of pore pressure, it is important to distinguish 
between actual pore water pressure and any gas pressure. The percentage of gas pressure 
within the total is unknown and needs to be investigated. 
4. Correlation of CPT data with other available field testing method such a Standard 
Penetration Test (SPT), Pressurement Test (PMT), Dilatometer Test (DMT) needs to be 
carried out to gain more confidence in data. 
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APPENDIX A 














































































































BIOSOLIDS EVAPORATION CALCULATIONS  
 
Location Height (in) Heigh Decrease (in) 
1 2.19 1.1 
2 2.25 1.1 
3 NA NA 
4 1.88 0.8 
5 2.19 1.1 
6 3.00 1.9 
 Average seepage in 2 days (48 hrs) 1.2 
 Final Average Height of Sludge 4.4 
 
Evaopration rate at Highland 
County Landfill 0.226 inches/day 
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